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INTRODUCTION 

types and q u a l i t y  f o r  some t i m e .  rJ''fs However, t h e r e  has  been l i t t l e  e f f o r t  ex- 
pended t o  determine the m i c r o s t r u c t u r e  v a r i a t i o n s  between samples taken  from var i -  
ous l o c a t i o n s  i n  l a r g e  coke masses o r  the number of f i n g e r s  t h a t  should be analyzed 
t o  adequately c h a r a c t e r i z e  coke s t r u c t u r e .  Coke micros t ruc ture  d a t a  have been use- 
f u l  i n  explaining v a r i a t i o n s  i n  p h y s i c a l  p r o p e r t i e s , 2  r e a ~ t i v i t y , ~  and b l a s t  furnace 
behavior4 of  var ious  coke types.  
r e p r o d u c i b i l i t y  of  m i c r o s t r u c t u r e  a n a l y s i s  be determined i f  coke m i c r o s t r u c t u r e  analy- 
ses a r e  t o  be  used t o  q u a n t i t a t i v e l y  c h a r a c t e r i z e  coke q u a l i t y  and behavior .  Conse- 
quent ly ,  t h i s  i n v e s t i g a t i o n  w a s  i n i t i a t e d  t o  determine t h e  l o c a t i o n  and number of coke 
f i n g e r s  needed t o  c h a r a c t e r i z e  t h e  micros t ruc ture  of coke produced i n  a 750-pound 
p i l o t  coke oven and t o  e v a l u a t e  our  present  coke sampling procedures. 

Techniques of m i c r o s t r  c a n a l y s i s  have been employed i n  d e f i n i n g  coke 

Therefore ,  i t  is  important t h a t  t h e  l i m i t a t i o n s  and 

A s  p a r t  o f  The Youngstown Sheet and Tube Company's program of coke evalua-  
t i o n ,  two d u p l i c a t e  charges  o f  100 per  c e n t  high v o l a t i l e  A bituminous c o a l  were car- 
bonized f o r  t h i s  i n v e s t i g a t i o n .  Samples were c o l l e c t e d  from each charge according t o  
a s t a t i s t i c a l l y  designed sampling plan. The coke f i n g e r  samples were mounted and 
pol i shed  and t h e i r  m i c r o s t r u c t u r e  determined u t i l i z i n g  a s i x  s p i n d l e  i n t e g r a t i n g  s t a g e .  
The r e s u l t a n t  m i r r o s t r u c t u r e  d a t a  were then s t a t i s t i c a l l y  evaluated.  

PREPARATION OF COAL FOR CARBONIZATION 

I n  order t o  provide c o a l  f o r  two d u p l i c a t e  charges ,  a bulk sample (1500 
lbs . )  of h igh  v o l a t i l e  A bituminuus coa l  was c o l l e c t e d .  This bulk sample (1" x 0" 
f r a c t i o n )  w a s  pulver ized t o  approximately 82 p e r  cent  minus 1/8" (Table I) i n  a 
Pennsylvania Tvpe C r e v e r s i b l e  hammer-mill-impactor. A l l  of t h e  pulver ized  c o a l  was 
then blended i n  a Model GD. Pat terson-Kelly,  30 cubic  f o o t  capac i ty  twin s h e l l  blender  
f o r  two hours .  After homogenization of t h e  c o a l ,  samples were removed f o r  sc reen  and 
chemical ana lyses .  P r i o r  to withdrawing the  c o a l  f o r  carboniza t ion ,  t h e  bulk d e n s i t y  
and mois ture  were a d j u s t e d  and t h e  c o a l  was blended f o r  a n  a d d i t i o n a l  hour. 

CARBONIZATION 

Duplicate  carboniza t ion  tests were made i n  a Bethlehem type  p i l o t  coke oven 
having a coking chamber 36 inches  long, 18 inches wide, and 36 inches  h igh .  To insure  
d u p l i c a t i o n  of these  tes ts ,  the oven was s t a b i l i z e d  f o r  24 hours  before  each charge.  
A t  charging t i m e ,  a 750-pound sample of c o a l  was withdrawn from the  blender  and placed 
i n  t h e  oven. P e r t i n e n t  c a r b o n i z a t i o n  d a t a  f o r  these oven tests are given i n  Table I. 

SAMPLING PROCEDURE AND EXPERIMENTAL DESIGN OF SAMPLING PLAN 

A sampling p l a n  was s e l e c t e d  i n  order  t o  provide da ta  f o r  an adequate  ap- 
p r a i s a l  of  t h e  micros t ruc ture  of t h e  r e s u l t a n t  coke, as w e l l  as providing d a t a  for  a 

* See References. 
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comprehensive s t a t i s t i c a l  eva lua t ion .  Although twelve o r i en ted  samples and one quench 
c a r  "grab" sample were co l l ec t ed  from each charge,  only s i x  o r i en ted  samples and t h e  
quench c a r  sample were examined fo r  each charge. This procedure w a s  followed s ince  it 
was believed t h a t  one sample  from a p a r t i c u l a r  l oca t ion  on the  f ixed  w a l l  would b e  t h e  
mirror image of t h e  one immediately ac ross  from it  on t h e  movable w a l l  o r  v i c e  versa .  
The a reas  from which the  samples were taken a r e  shown on Figure 1. 
twelve samples were r e t a i n e d  a s  reserve  samples f o r  a d d i t i o n a l  s tud ie s .  
and push s i d e  samples were pu l l ed  from the  charge with s t e e l  tongs a f t e r  t h e  "horseshoe" 
had been r a i sed .  The cen te r  samples were co l l ec t ed  a f t e r  h a l f  of t h e  charge  had been 
pushed from the oven. The 
quench c a r  sample  was co l l ec t ed  a f t e r  t h e  e n t i r e  charge had been pushed and quenched. 

Depending on viewpoint,  t h e  experimental  des ign  of t he  sampling p l a n  can b e  

The remaining 
The coke s i d e  

Each coke f inge r  was immediately water quenched and l abe led .  

considered e i t h e r  as (1) a f u l l  3 x 2 x 2 f a c t o r i a l  with , r e p l i c a t e s ,  o r  as (2) a f r ac -  
t i o n a l  3 x 2 x 2 x 2 f a c t o r i a l  wi th  r e p l i c a t e s .  The reason f o r  t h e  above d i f f e r e n c e  
depends on whether one cons iders  the l o c a t i o n  of "mirror image'' coke f i n g e r s  as a rep- 
l i c a t i o n  o r  a s  a f a c t o r .  This l o c a t i o n  r e f e r s  t o  whether t he  coke f i n g e r  sample was  
taken from t h e  " f ixed  w a l l "  or "movable wall" s i d e  of t h e  oven. The above considera- 
t i o n  was only of secondary importance i n  t h e  i n i t i a l  a n a l y s i s  s ince  samples had been 
taken f o r  t he  f u l l  3 x 2 x 2 x 2 f a c t o r i a l .  However, only h a l f  of t h e  o r i g i n a l  samples 
were microscopically analyzed f o r  t h e  i n i t i a l  a n a l y s i s  but t h e  o t h e r  h a l f  can be ana ly-  
zed a t  a l a t e r  da t e  i f  i t  should prove s t a t i s t i c a l l y  necessary t o  do  so. 
i n i t i a l  ana lys i s  d i s t i ngu i shes  t h e  confounded e f f e c t  of charge and oven s i d e  r a t h e r  than  
t h e  independent e f f e c t  of each. 
a r e  (1) oven length  l o c a t i o n  a t  t h r e e  l e v e l s ,  (2)  oven he igh t  l o c a t i o n  a t  two l e v e l s ,  
(3) oven charge a t  2 l e v e l s ,  and (4) oven s i d e  loca t ion  a t  two l e v e l s .  
was designed t o  s a t i s f y  two ob jec t ives :  

Thus, the 

The f a c t o r s  r e f e r r e d  t o  i n  the  3 x 2 x 2 x 2 f a c t o r i a l  

The experiment 

1. To determine the  inhe ren t  e r r o r s  of t he  var ious  measurement ca t egor i e s  
a s soc ia t ed  with a microscopic a n a l y s i s  of coke. 

To determine whether sampling e r r o r s  were a t t r i b u t a b l e  t o  oven l o c a t i o n  
and t o  determine i f  t h e  present  sampling procedures are adequate.  

2. 

With r e spec t  t o  t h e  f i r s t  o b j e c t i v e ,  it was necessary t h a t  a r e p l i c a t e  t r an -  
s e c t  be  made on each coke f i n g e r ,  such t h a t  an adequate estimate of the "wi th in  coke 
f inger"  v a r i a b i l i t y  could be obtained. Although only 12 coke f inge r  samples were analy- 
zed, a t o t a l  of 24 t r a n s e c t s  were taken by making two independent t r a n s e c t s  per  coke 
f inge r .  
on 12 degrees of freedom and can be considered a s  t h e  pooled = t h i n  va r i ance  of t h e  s i x  
loca t ions  and t h e  two oven charges.  

Thus, t h e  "within coke f inger"  v a r i a b i l i t y  of each of t h e  c a t e g o r i e s  is  based 

With r e spec t  t o  t h e  second o b j e c t i v e ,  i t  was necessary t h a t  samples be taken 
a t  var ious  loca t ions  wi th in  t h e  oven and a l s o  from more than one oven charge,  such t h a t  
i t  would be poss ib l e  t o  determine whether d i f f e rences  due t o  oven l o c a t i o n  were inde- 
pendent of t h e  oven charge. 
s a t i s f y  t h e  f i r s t  ob jec t ive  and two oven charges were a l s o  necessary,  i t  was  f e l t  t h a t  
only six oven loca t ions  could be incorpora ted  i n t o  the  p l an  because of t h e  t i m e  involved 
i n  making the  ind iv idua l  t r a n s e c t s .  
such t h a t  they would r e f l e c t  l a r g e  r a t h e r  than small  l o c a t i o n  d i f f e r e n c e s  and a l s o  pro- 
v ide  an  adequate r ep resen ta t ion  of t he  e n t i r e  oven. The oven was d iv ided  i n t o  a c r o s s  
s e c t i o n  of t h r e e  v e r t i c a l  and t h r e e  h o r i z o n t a l  p l o t s  f o r  a t o t a l  o f  n ine  p l o t s ,  bu t  only 
t h e  top  t h r e e  and t h e  bottom t h r e e  p l o t s  were used i n  t h e  plan f o r  a t o t a l  of s i x  samples 
per  charge.  
s i x  loca t ions  f o r  each of t h e  two charges.  

Since two t r a n s e c t s  per coke f inge r  were necessary  t o  

For t h i s  reason, t h e  s i x  oven loca t ions  were chosen, 

The samples were then  taken a t  random from somewhere wi th in  each of t hese  

The da ta  were analyzed by use  of t h e  ana lys i s  of var iance  technique ,  such t h a t  
t h e  var ious  sources of v a r i a b i l i t y  could be d i s t ingu i shed  and compared. 

I 

B 

b 



56- 
The .05 s i g n i f i c a n c e  level w a s  used throughout t h e  ana lys i s  t o  determine 

whether observed d i f f e r e n c e s  were "real" or not .  
' ' r ea l"  d i f f e r e n c e  i n d i c a t e s  t h a t  t h e  r i s k  of making an i n c o r r e c t  dec i s ion  based on 
t h i s  s i g n i f i c a n c e  l e v e l  would be  f i v e  t i m e s  i n  100. 

For the  purpose of t h i s  r epor t ,  a 

SAMPLE PREPARATION 

A s e c t i o n  one-half  i nch  t h i c k  was cu t  from t h e  c e n t e r  through t h e  e n t i r e  
length  of each f inge r .  I n  a l l  cases ,  t h e  f u l l  l ength  of  each  f i n g e r  (approximately 
n ine  inches ) ,  from t h e  cau l i f lower  t o  t h e  tar end w a s  maintained. The width of t he  
f i n g e r s  v a r i e d  from two t o  t h r e e  inches .  To f a c i l i t a t e  ease of handling, mounting, 
and po l i sh ing ,  the  9-inch s l a b s  were c u t  i n  ha l f .  These s e c t i o n s ,  each representa-  
t ive  o f  1 / 2  f i n g e r ,  were then  p laced  i n  molds, impregnated wi th  an  epoxy r e s i n ,  and 
pol i shed  f o r  mic ros t ruc tu re  ana lyses .  

ANALYTICAL PROCEDURES 

i 

A L e i t z  Ortholux microscope (F igure  2) equipped wi th  a Le i t z  six sp ind le  
i n t e g r a t i n g  s t a g e ,  c r o s s  h a i r ,  and an  ocu la r  micrometer was employed i n  these  micro- 
s t r u c t u r e  ana lyses .  A l l  o f  t h e  measurements were c a r r i e d  out a t  160X magnification. 
Four t r a n s e c t s  covering t h e  e n t i r e  l eng th ,  from t h e  cau l i f lower  t o  t h e  tar  end, were 
completed on a s i n g l e  s u r f a c e  o f  each f i n g e r .  Each t r a n s e c t  was o r i en ted  perpendicu- 
l a r  t o  t h e  cau l i f lower  or  tar  end, depending upon which h a l f  was being examined. 
During t h e  f i r s t  t r a n s e c t ,  t h e  pores  which f e l l  w i th in  f i v e  a r b i t r a r i l y  chosen s i z e  
c a t e g o r i e s  were recorded on f i v e  of  t h e  sp ind le s .  The s i x t h  sp ind le  was used t o  re- 
cord  t h e  t o t a l  c e l l  w a l l  a r e a  t ransversed  during t h e  t r a n s e c t .  A t  t h e  end o f  t he  
i n i t i a l  t r a n s e c t ,  the specimen w a s  re turned  t o  the o r i g i n a l  s t a r t i n g  pos i t i on .  A 
similar t r a n s e c t  was then  completed over t h e  same a r e a ,  and t h e  c e l l  w a l l  s i z e s  were 
d i f f e r e n t i a t e d  and t h e  t o t a l  space  occupied by pores  was recorded on t h e  s i x t h  spin- 
d l e .  This  procedure w a s  repea ted  twice on each f inge r .  The a r b i t r a r i l y  chosen cate- 
g o r i e s  (Table  1 1 )  were s e l e c t e d  from those  presented  by Abramski and Mackowsky.' The 
average  ce l l  w a l l  t h i ckness  and pore  diameter c a l c u l a t i o n s  (Table 111) a r e  those  pro- 
posed by Daub' and are based on t h e  suppos i t ion  t h a t  t h e  t r u e  average fo r  any of t h e  
c a t e g o r i e s  approaches t h a t  o f  t h e  mid-point of t h e  p a r t i c u l a r  ca tegory  i n  ques t ion .  
Although t h e  au tho r s  have n o t  completed a s t a t i s t i c a l  conf i rmat ion  of t h i s  assumption, 
they do f e e l  i t  i s  a reasonable  e s t ima te  o f  t he  average. The dens i tv  values are ex- 

i 

I 

pressed  i n  t e r m s  of t h e  r a t i o  o f  t h e  volume per cen t  of pores  t o  cel l  wa l l s  i n  t h e  
coke. 

RESULTS AND DISCUSSION 

I n  Table I, t h e  ca rbon iza t ion  d a t a  fo r  both charges  i n d i c a t e  that t h e  coa l  
charges  were subjec ted  t o  e s s e n t i a l l y  i d e n t i c a l  coking cond i t ions .  The thermocouple 
readings  (Tables I V ,  V) t aken  at  charging and pushing t i m e  do e x h i b i t  some v a r i a t i o n .  
However, t h e s e  temperature d i f f e r e n c e s  are normal f o r  t he  oven i n  ques t ion ,  and ovens 
of t h i s  s i z e  and type. The s t a t i s t i c a l  eva lua t ion  presented  h e r e i n  h a s  no t  included 
t h e  s p e c i f i c  e f f e c t  o f  temperature v a r i a t i o n .  However, it would be poss ib l e  i n  fu- 
t u r e  work t o  determine s t a t i s t i c a l l y  t h e  e f f e c t s  of temperature v a r i a t i o n  and oven 
l o c a t i o n  on coke mic ros t ruc tu re  by an a n a l y s i s  o f  co-var iance  of t hese  f ac to r s .  

A h i g h  v o l a t i l e  A bituminous coa l  w a s  s e l e c t e d  f o r  t h i s  study because pre- 
v ious  s t u d i e s  have shown t h a t  t h i s  rank o f  coa l  would produce a coke possessing con- 
s i d e r a b l e  v a r i a t i o n  i n  mic ros t ruc tu re .  The au thor s  b e l i e v e  t h a t  t h e  v a r i a t i o n  i n  t h e  
mic ros t ruc tu re  of t h i s  coke type  would be g r e a t e r  than t h a t  obtained on coke from 
o the r  coa l s  used a t  our Company coke p l a n t s .  I n  gene ra l ,  h igher  rank me ta l lu rg ica l  
c o a l s  produce cokes wi th  l a r g e r  percentages  of ce l l  wa l l s  and pores  pe r  u n i t  a rea  and 
i s  reasonable  t o  assume t h a t  t h e  degree of  r e l i a b i l i t y  would inc rease  with inc reas ing  
rank o f  t h e  c o a l .  Th i s  observa t ion  has  been confirmed i n  our l abora to ry  and i s  based 

.I 
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on frequency measurements of c e l l  wa l l s  and pores i n  cokes produced from var ious  ranks 
o f  coa l .  

I n  Table V I ,  t h e  v a r i a b i l i t y  l i m i t s  a t  the  95 per  cen t  confidence l e v e l  f o r  
the  c e l l  wa l l  and pore diameter ca t egor i e s  are given. 
given f o r  t h e  average c e l l  w a l l  t h i ckness ,  average pore  d iameter ,  and dens i ty  measure- 
ments. 
m a t e r i a l ,  p lus  t h e  a n a l y t i c a l  v a r i a b i l i t y .  

In a d d i t i o n ,  t he  l i m i t s  a r e  

The "within f inger"  v a r i a b i l i t y  c o n s i s t s  of t h e  inhe ren t  v a r i a b i l i t y  of  t h e  

The wi th in  v a r i a b i l i t y  l i m i t s  l i s t e d  f o r  t h e  95 pe r  cen t  confidence l e v e l  
a r e  t h e  l i m i t s  developed f o r  comparison of  i nd iv idua l  f i n g e r s ,  each of which was t rans-  
versed twice.  The "within f inge r "  v a r i a b i l i t i e s  o f  t h e  va r ious  measurement ca t egor i e s  
were s t a t i s t i c a l l y  compared, and i t  w a s  found t h a t :  

1. The wi th in  v a r i a b i l i t y  of t h e  t h r e e  c e l l  w a l l  c a t e g o r i e s  o f  0.1 t o  0.2 nun, 
0.2 t o  0.5 mm, and +0.5 mm d id  not  d i f f e r  s i g n i f i c a n t l y  among themselves. 
A l s o  t he  t h r e e  pore diameter ca t egor i e s  of 0.2 t o  0.5 nun, 0.5 t o  1.0 mm, 
and +1.0 mm d i d  n o t  d i f f e r  s i g n i f i c a n t l y  among themselves. It i s  a l s o  
i n t e r e s t i n g  t o  no te  t h a t  t h e r e  w a s  no s i g n i f i c a n t  d i f f e r e n c e  between 
these  c e l l  wa l l s  and pore diameter ca tegor ies .  

The two c e l l  w a l l  c a t e g o r i e s  of -0.05 mm and 0.05 t o  0.10 mm d id  no t  
d i f f e r  s i g n i f i c a n t l y  from each o t h e r  nor  from the two pore diameter ca te -  
g o r i e s  of -0.1 mm and 0.1 t o  0.2 mm which also d i d  no t  d i f f e r  s i g n i f i -  
can t ly  from each o t h e r .  

I n  comparing t h e  c a t e g o r i e s  i n  2 above, t h e  -0.05 mm c e l l  wa l l s  and both  
of  t h e  pore  diameter ca t egor i e s  were s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  .05 
s ign i f i cance  l e v e l  from a l l  the  ca t egor i e s  i n  1 above. However, t h e  
0.05 mm t o  0.10 mm c e l l  wa l l s  were only s i g n i f i c a n t  a t  t h e  .10 l e v e l  
from the  c a t e g o r i e s  i n  1 above, which would n o t  be  cons idered  s i g n i f i c a n t  
i n  t h i s  ana lys i s .  

2. 

3 .  

Even though the a n a l y t i c a l  v a r i a b i l i t y  w a s  no t  separa ted  ou t  o f  t h e  "within 
f inger"  v a r i a b i l i t y ,  it i s  be l ieved  t h a t  i t  would be much sma l l e r  than  t h e  "within" 
l i m i t s .  Va r i a t ions  due t o  t h e  pos i t i on ing  of  t h e  t r a n s e c t  on t h e  coke f i n g e r s  were 
noted, bu t  i t  w a s  no t  separa ted  ou t  i n  these s t a t i s t i ca l  ana lyses .  

The va lues  l i s t e d  under " t o t a l  v a r i a b i l i t y "  are t h e  l i m i t s  o f  reproducib i l -  
i t y  t h a t  would be obtained i f  a completely random f inge r  were analyzed wi thout  any 
knowledge of i t s  o r i g i n a l  p o s i t i o n  i n  t h e  oven o r  t h e  charge from which i t  was sampled. 
These l i m i t s  are much g r e a t e r  than those  given f o r  t h e  "wi th in  f inger"  v a r i a b i l i t y .  
Therefore ,  i t  i s  important t h a t  t he  microscopis t  r e a l i z e  t h a t  t h i s  v a r i a b i l i t y  exists 
when mic ros t ruc tu re  ana lyses  are completed on a completely random, p i l o t  oven f inger .  
The degree of r ep roduc ib i l i t y  i s  reduced markedly when such a f i n g e r  i s  analyzed. It 
i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  f o r  t h e  two c e l l  wa l l  c a t e g o r i e s  of  0.05 mm t o  0.10 nun 
and 0.1 mm t o  0.2 mm, t h e  sampling v a r i a b i l i t y  due t o  oven l o c a t i o n  and charge was no t  
s i g n i f i c a n t l y  d i f f e r e n t  from t h e  v a r i a b i l i t y  wi th in  a s i n g l e  coke f i n g e r .  This degree 
of homogeneity was not found t o  e x i s t  i n  any of  t he  o the r  c a t e g o r i e s .  

I n  Table V I I ,  t he  mean va lue  f o r  t he  twelve f i n g e r s  taken  from both charges 
a r e  compared t o  the  mean va lue  f o r  va r ious  loca t ions  i n  t h e  oven. The average pore 
diameter fo r  t h e  top f inge r s  was s i g n i f i c a n t l y  l a r g e r  than  t h a t  of t he  bottom f inge r s .  
The percentages of pores i n  t h e  -0.1 mm, 0.1 t o  0.2 mm, and 0.2 t o  0.5 mm ca t egor i e s  
were found to  be s i g n i f i c a n t l y  sma l l e r  i n  the  samples from t h e  top  of t h e  oven as com- 
pared t o  the  samples from t h e  bottom (Figure 3 ) .  For t h e  +1.0 mm pore diameter ca te -  
zory ,  t he  samples from t h e  top  o f  t he  oven had a s i g n i f i c a n t l y  l a r g e r  percentage than 
t h o s e  from the  bottom. Although t h e  0.5 t o  1.0 nun ca tegory  had a l a r g e r  percentage 
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f o r  t h e  top  samples than  those  from the  bottom, t h i s  d i f f e rence  was not  s u f f i c i e n t l y  
l a r g e  t o  be termed s i g n i f i c a n t .  Although the he igh t  i n  the  oven had s i g n i f i c a n t  and 
marked e f f e c t s  on t h e  pore diameter measurements, t h e  he ight  i n  oven was found t o  have 
l i t t l e  o r  no s i g n i f i c a n t  e f f e c t s  on t h e  cell w a l l  measurements (Figure 3). 

The l o w  dens i ty  va lues  f o r  t h e  top f i n g e r s  a r e  d i r e c t l y  r e l a t e d  t o  the  in-  
c r ease  i n  t h e  percentage of l a r g e  pores  and t o t a l  a r ea  occupied by pores.  A highly  
s i g n i f i c a n t  d i f f e rence  was found between the  dens i ty  of t h e  t o p  and bottom samples. 
The dens i ty  is expressed i n  terms of the  r a t i o  of t h e  volume per cen t  of pore space 
t o  t h a t  occupied by c e l l  w a l l s .  The inc rease  i n  pore  diameter and l a r g e r  pores  may be 
r e l a t e d  t o  a decrease  i n  bulk  d e n s i t y  of t he  coa l  a t  t he  top of t h e  oven. The loosely 
packed coa l  would permit t h e  format ion  of f ro thy  coke. It is less r e s t r i c t e d  i n  the 
p l a s t i c  s t a t e ,  and gas evo lu t ion  would proceed more f r e e l y  i n  the  upper po r t ion  of the 
charge than a t  t he  bottom. 
w i t h  markedly d i f f e r e n t  mic ros t ruc tu res  wi th in  the  same coke mass. 

These d a t a  a l s o  show t h a t  a given coa l  may produce a coke 

The v a r i a t i o n s  i n  the  mic ros t ruc tu re  of t h e  coke s i d e ,  middle,  and push s i d e  
samples a r e  shown i n  Table VI1 and i l l u s t r a t e d  g raph ica l ly  in  Figures  4 and 5.  
i nc rease  i n  average cell  w a l l  t h i ckness  toward the cen te r  from both ends o f  t he  oven 
may be the  r e s u l t  of v a r i a t i o n s  i n  bulk  d e n s i t y .  The coa l  i n  t h e  c e n t e r  o f  t he  oven 
w w l d  have a h igher  bulk d e n s i t y ,  s i n c e  i t  l ies  d i r e c t l y  below the  charging ho le ,  
whereas, t h e  coa l  next  t o  t h e  doors  would have a lower bulk d e n ~ i t y . ~ > ~  Note i n  Fig- 
u r e  4 t h a t  t h e  d i s t r i b u t i o n  of t h e  va r ious  c e l l  w a l l  s i z e s  v a r i e s  from the ends t o  the 
middle f inge r s .  It was found that t h i s  d i f f e r e n c e  was s i g n i f i c a n t ,  however, f o r  only 
two cel l  w a l l  c a t egor i e s :  I n  Figure 5 
t h e  percentage of p lus  1 . 0  mm pores  f o r  t h e  end samples w a s  s i g n i f i c a n t l y  h igher  than 
t h a t  of t h e  middle f inge r s .  Coincident with t h e  inc rease  i n  l a rge r  pores,  i s  the  de- 
c r e a s e  i n  dens i ty  o f  t h e  end f i n g e r s  (Table VII).  
s t a t i s t i c a l l y  a f f e c t e d  by t h e  he igh t - l eng th  r e l a t i o n s h i p .  A l l  of t h e s e  d a t a  i n d i c a t e  
t h a t  coa l  bulk dens i ty ,  oven temperature and o t h e r  v a r i a b l e s  not cons idered  he re  may 
a f f e c t  t he  r e s u l t a n t  mic ros t ruc tu re .  

The 

t h e  -0.05 mm and t h e  0.2 t o  0.5 mm ca t egor i e s .  

This decrease  i n  dens i ty  is  a l s o  

I n  Table V I 1 1  t h e  m i c r o s t r u c t u r e  ana lyses  of each charge a r e  l i s t e d .  The 
s i g n i f i c a n c e  of t hese  d a t a  a r e  as fo l lows:  

1. 

2. 

3 .  

The mean va lues  f o r  t h e  mic ros t ruc tu re  ana lyses  of t h e  s i x  f i n g e r s  
taken from each of t h e  charges compared q u i t e  favorably  and d id  not ex- 
h i b i t  any s i g n i f i c a n t  s t a t i s t i c a l  d i f f e rences .  

Apparently t h e  ca rbon iza t ion  cond i t ions  and t h e  composition of t he  coa l  
were s i m i l a r ,  as a r e s u l t  reproducib le  da ta  were obta ined .  

Even though t h e r e  a r e  mic ros t ruc tu re  v a r i a t i o n s ,  t h e  mean va lues  a r e  re- 
markably similar. 

I n  order t o  determine i f  our p re sen t  sampling plan was adequate t o  charac te r -  
i z e  a 750-pound charge,  rou t ine  "grab" samples were c o l l e c t e d  and analyzed. 
en t  sampling of coke f o r  mic ros t ruc tu re  a n a l y s i s  i s  as follows: 

Our pres- 

1. The e n t i r e  charge i s  pushed and quenched. 

2.  A s i n g l e  f i n g e r  e x h i b i t i n g  a cau l i f lower  and a t a r  end and four  f rac tured  
sur faces  is s e l e c t e d  from t h e  top  of t h e  quench ca r  by the  l a b  technic ian .  

It is l abe led  and forwarded t o  t h e  anthracology labora tory  f o r  ana lyses .  3 .  

I n  Table V I 1 1  and Figures  6 and 7 ,  micros t ruc tu re  ana lyses  o f  t h e  two "grab" samples a r e  
compared t o  the  mean va lues  f o r  t h e i r  r e s p e c t i v e  charges.  
t h e  v a l u e s  except  t he  -0.05 mm c e l l  wa l l  category f o r  t he  second "grab" sample, f a l l  

These data show t h a t  a l l  
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with in  t h e  95 per cent  confidence l i m i t s .  This i s  t r u e  only i f  two t r a n s e c t s  a r e  com- 
p l e t e d  on each "grab" sample. Although t h e  "grab" sample from the  second charge is 
s t a t i s t i c a l l y  o u t s i d e  t h e  v a r i a b i l i t y  band i n  t h e  -0.05 mm ca tegory  by 0.21 per cent  
t h i s  could l e g i t i m a t e l y  b e  ad jus ted  by tak ing  two "grab" samples from t h e  quench c a r  
and making two t r a n s e c t s  on each sample. The au thors  f e e l  t h a t  t h i s  minor v a r i a t i o n  
i s  i n s i g n i f i c a n t  i n  view of  t h e  magnitude of t h e  measurements involved and t h e  prac-  
t i ca l  a s p e c t s  of t h e s e  d a t a .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  an examination of the  
four  sample l o c a t i o n s  ( t o p  middle, bottom middle, top push s i d e ,  and bottom push s i d e )  
ind ica ted  t h a t  a sample r e p r e s e n t a t i v e  o f  t h e  charge could be obta ined  a t  a p o s i t i o n  
somewhere wi th in  t h e  c e n t r a l  t h i r d  p l o t  and between t h e  push s i d e  and middle t h i r d  
p l o t s  of  t h e  oven. This ,  i n c i d e n t a l l y ,  was  the approximate a r e a  from which t h e  pres -  
e n t  "grab" sample was  being taken. Consequently, t h e  present  method of  s e l e c t i v e l y  co l -  
l e c t i n g  coke samples f o r  micros t ruc ture  a n a l y s i s  should be cont inued.  However, t h i s  
present  method should be checked p e r i o d i c a l l y  by making a d d i t i o n a l  t r a n s e c t s  on samples 
taken from t h e  six l o c a t i o n s  as def ined  i n  t h e  experimental  des ign .  

In Table IX t h e  micros t ruc ture  of cokes produced from v a r i o u s  ranks of c o a l  
and petroleum, a s  w e l l  a s  form coke, are compared t o  t h e  m i c r o s t r u c t u r e  of t h e  high 
v o l a t i l e  c o a l  used i n  t h i s  s tudy.  Although t h e r e  are no d i f f e r e n c e s  i n  c e r t a i n  c e l l  
w a l l  and pore ca tegor ies ,  t h e r e  a r e  marked d i f f e r e n c e s  among o t h e r  c a t e g o r i e s .  There 
are s i g n i f i c a n t  d i f f e r e n c e s  i n  average c e l l  w a l l  th ickness  and average pore  diameter 
among t h e  coke types and i n  c e r t a i n  c a t e g o r i e s  a r e l a t i o n s h i p  t o  c o a l  rank i s  ev ident  

SUMMARY 

Micros t ruc ture  ana lyses  w e r e  completed on 12 or ien ted  coke f i n g e r s  c o l l e c t e d  
from d u p l i c a t e  p i l o t  oven tes ts  of a s i n g l e  h igh  v o l a t i l e  A bituminous c o a l .  A se- 
l e c t e d  "grab" sample w a s  a l s o  c o l l e c t e d  from each charge and i t s  m i c r o s t r u c t u r e  d e t e r -  
mined. Duplicate  t r a n s e c t s  were made on a l l  coke f ingers .  These d a t a  show t h a t  from 
a p r a c t i c a l  viewpoint an  a n a l y s i s  of a s i n g l e  s e l e c t i v e  sample adequately c h a r a c t e r i z e d  
t h e  micros t ruc ture  of coke produced i n  the 750-pound oven; 
ness w a s  s a t i s f i e d ,  from a s t a t i s t i c a l  viewpoint ,  i n  a l l  but  one o f  t h e  measurement 
c a t e g o r i e s  on one of  the oven charges.  
s a t i s f y  t h e  adequateness c r i t e r i o n .  
p l e  l o c a t i o n  i n  t h e  oven, t h e  s i n g l e  "grab" samples compare favorably  wi th  t h e  mean 
va lues  f o r  the  charges .  

The c r i t e r i o n  of  adequate- 

Two s e l e c t e d  "grab" samples should completely 
Even though v a r i a t i o n s  were noted because of s a m -  

1. 

2. 

3. 

4 .  

5. 

6 .  
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TABLE I - CARBONIZATION DATA 

I 

Net charge weight 
Net coking t i m e  
Oven bulk dens i ty  
Kopper’s cone 
P e r  cen t  mois ture  
Per cent  pu lve r i za t ion  
Cont ro l l ing  F lue  temp. 
ASTM s t a b i l i t y  f ac to r  
ASTM hardness f a c t o r  

1ST CHARGE 

665 lb s .  
18  h r s .  37 min 
47.50 lbs . /F t  
42.0 1bs.lFt. j  
5.4 
82.8% - 118 inch 
2460OF 
43.54 
55.35 

TABLE I1 - SAMPLE CALCUTATIONS OF PERCENTAGES OF PORES 
AND CELL WALLS I N  THE INDICATED CATEGORIES 

2ND CHARGE 

673 l b s .  
18 h r s .  45 min. 
48.07 lbs . /F t  

5.5 
82.8% - 118 inch 
2460°F 
42.14 
55.55 

40.6 lbs./Ft.  3 

CELL WALL 
SIZE CATEGORIES 

0 - 0.05 mm 
0.05 - 0.1 mm 
0.1 - 0.2 mm 
0.2 - 0.5 mm 

-E 0.5 mm 

SPINDLE VALUES 
(mm) 

13.81 
16 -36 
32.54 
24.15 
2.50 

Tota l  c e l l  w a l l  89.36 

PORE 
SIZE CATEGORIES 

0 - 0.1 mm 
0.1 - 0.2 mm 
0.2 - 0.5 mm 
0.5 - 1.0  mm 

+- 1.0 mm 

SPINDLE VALUES 
(mm) 

21.90 
18.51 
59.99 
49.93 

104.50 

Tota l  pore 254.83 

PER CENT 

15.45 
18.31 
36.41 
27.03 
2.80 

100.00 

PER CENT 

8.59 
7.26 

23.55 
19.59 
41.01 

100.00 

‘ I  
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TABLE 111- SAMPLE CALCULATIONS OF AVERAGE PORE 
DIAMETER AND CELL WALL THICKNESS 

CELL WALL 
SIZE CATEGORIES 

SPINDLE 
VALUES MID POINTS 
0 ( M P )  

o - 0.05 mm 13.81 i 0.025 

0.05 - 0.1 INTI 16.36 i 0.075 

0.1 - 0.2 mm 32.54 i 0.15 

0.2 - 0.5 m n ~  24.15 6 0.35 

+ 0.5 mm 

T o t a l  cell wall 89.36 mm Tota l  

Average cell wall th ickness  = 89.36 = ,084 mm 1059 * 79 

SPINDLE 
PORE VALUES MID POINTS 

SIZE CATEGORIES 0 (Me) 
0 - 0.1 mm 21.90 i 0.05 

. .  
0.1 - 0.2 mm 

0.2 - 0.5 mm 

0.5 - 1.0 mm 

+ 1.0 mm . .  . , ..: 
, _ .  . .. 

. ,  

' "?>tal  pore 

18.51 ' i  0.15 

59.99 4 0.35 

499.93 0.75 

104.50 i 1.50 

25'1.83 mm T o t a l  

- 

= .293 mm 
869.04 .:.verage pore diameter = 

NUMBER OF 
CELL WALLS 

552.40 

218.13 

216.93 

69.00 

3.33 

.1059..79 

NUMBER OF 
PORES 

438 .OO 

123.40 

171.40 

66.57 

69.67 

869.04 
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I 

f 

THERMOCOUPLE 

A v e r a g e  

THERMOCOUPLE 

A v e r a g e  

THERMOCOUPLES 
I N  COKE MASS 

8 3  Fixed w a l l  
#4 M o v a b l e  wall 
#5 C e n t e r  

TABLE I V  - COMPARISON OF TEMPERATURE READINGS 
TAKEN A T  CHARGING TIME 

1ST CHARGE 
FIXED WALL 

187 O°F 
187 0 
1850 
1950 
19 00 
ou t  
17 80 
1860 
1850 

1866OF 

2ND CHARGE 
FIXED WALL 

1850°F 
1860 
1840 
1960 
1890 
ou t  
17 00 
1840 
1880 

1853OF 

- 

1 S T  CHARGE 
MOVABLE WALL 

1760'F 
1820 
1800 
1890 
1900 
1820 
1860 
1920 
1600 

1819OF 

- 

2ND CHARGE 
MOVABLE WALL 

1760'F 
1800 
1840 
1900 
1880 
1860 
1860 
1910 
1610 

18240F 

- A 

TABLE V - COMPARISON OF TEMPERATURE READINGS 
TAKEN AT PUSHING TIME 

1ST CHARGE 
FIXED WALL 

1860°F 
2000 
2020 
1980 
2140 
ou t  
1760 
1980 
1930 

1959OF 

- 

2ND CHARGE 
FIXED WALL 

1800OF 
1900 
2020 
1970 
2110 

1770 
1840 
1870 

19 10°F 

out  ? 

- 

1ST CHARGE 

1920°F 
1920 
1890 

1ST CHARGE 
MOVABLE WALL 

1890°F 
2070 
1980 
2000 
2170 
2140 
1940 
2040 
1880 

2012'F 

- 

2ND CHARGE 
MOVABLE WALL 

1840°F 
2060 
1990 
1970 
2150 
2100 
1890 
2020 
1800 

1980'F 

- 

2ND CHARGE 

1900°F 
1900 
1870 

! 



TABLE - "WITHIN FINGER" AND TOTAL VARIABILITY ERRORS AT THE 9i 
PER CENT CONFIDENCE LEVEL FOR ONE AND TWO TRANSECTS 

CATEGORIES 

CELL WALLS 

- 0.05 mm 

0.05 - 0.1 

0.1 - 0.2 mm 

0.2 - 0.5 mm 

+ 0.5 mm 

PORES 

- 0.1 mm 

0.1 - 0.2 m 

0.2 - 0.5 

0.5 - 1.0 mm 

+ 1.0 mm 

Average Cell 
Wall Thickness mm 

Average Pore 
Diameter mm 

k n s i t y * *  

'WITHIN FINGER" VARIABILITY TOTAL VARIABILITY* 

PER CENT PER CENT 
ONE TRANSECT TWO TRANSECTS ONE TRANSECT TWO TRANSECTS 

2 2.477 

+, 3.716 

+, 5.596 

2 5.553 

2 5.900 

f- 1.782 

5 2.777 

t 5.127 

+, 6.119 

5 5.288 

.00919 

5.1.752 

f 2.628 

2 3.957 

- + 3.926 

5 4.172 

f 1.260 

f- 1.964 

+- 3.626 

2 4.327 

f- 3.739 

.00650 

.01792 

.0613 

i 5.169 

2 3.549 

2 5.849 

2 8.275 

5 6.327 

2 4.933 

+_ 8.248 

+_13.101 

2 8.804 

522.487 

.01554 

.(I3957 

.I731 

2 5.014 

2 3.022 

2 5.102 

5 7.773 

f- 5.562 

5 4.849 

5 8.124 

52.197 

+. 8.230 

222.324 

,01482 

.oas63 

,1673 

* Tota l  v a r i a b i l i t y  e r r o r :  expect  e r r o r  i f  a random sample i s  analyzed without 
any knowledge of its o r i g i n a l  p o s i t i o n  i n  the men.  

** Ratio of volume per  cent  pore a rea  t o  volume per cent  c e l l  wal a rea  ir. coke. 
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T A B L E V I I -  COMPARISON OF MEAN VALUES BY SAMPLE LOCATION AND 
CATEGORIES TO THE GRAND MEAN FOR BOTH CHARGES 

GRAND MEAN 
LATEGO2Y F O R  BOTH CHARGES 

CELL WALLS 

- 0.05 ITIXTI 

0.05 - 0.1 mm 

0.1 - 0.2 mm 

0.2 - 0.5 ITUII 

+ 0.5 mm 

P e r  Cent 

Average Cell 
Wall Thicknsss mm 

- 0.1 mm 

0.1 - 0.2 mm 

0.2 - 0.5 IIUTI 

0.5 - 1.0 mm 

+ 1.0 mm 

?e? Cent 

14.96 

18.62 

33.43 

28.24 

4.75 

100.00 

0.087 

10.68 

13.66 

31.15 

24.43 

20.08 

100.00 

0.236 

0. h66 

TOP 
SAMPLES 

14.57 

18.79 

33.62 

28.15 

4.87 

lOO.00 

0.088 

8.63 

10.08 

25.84 

25.51 

29.94 

100.00 

0.275 

0 * 398 

BOTTOM 
SAMPLES 

15 34 

18.45 

33 - 25 
28 33 

4.63 

100.00 

0.086 

12.72 

17.25 

36.47 

23 * 35 

10.21 

100.00 

0.196 

0.534 

COKE S I D E  
SAMPLES 

14.16 

18 73 

33 86 

29 89 

3.36 

100.00 

0.089 

10.80 

12.94 

29.51 

24.77 

21.98 

100.00 

0.238 

0.471 

MIDDLE 
SAMPLES 

13 71 

18.15 

34.02 

29.46 

4.66 

100.00 

0.091 

11.30 

14.11 

32 * 71 

24.82 

17.06 

100.00 

0.223 

0.486 

PUSH S I D E  
SAMPLES 

17.00 

18.98 

32.42 

25.37 

6.23 

100.00 

0.082 

9-92 

13.9'4 

31.24 

23 71 

21.19 

100.00 ' 

0.247 

0.441 
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TABLE VIIS - COMPARISON OF EACH GRAB SAMPLE TO THE 
MEAN VALUES FOR THE RESPECTIVE CHARGES 

CATEGORY 

CELL WALLS 

- 0.05 mm 

0.05 - 0.1 IIUTI 

0.1 - 0.2 mm 
0.2. - 0.5 m 

+ 0.5 mm 

P e r  C e n t  

PORES 

- 0.1 mm 

0.1 - 0.2 mm 

0.2 - 0.5 IWI 

0.5 - 1.0 mm 

+ 1.0 mm 

P e r  C e ~ t  

MEAN 1ST CHG. ImAN 2ND CHG. 
1ST GRAB 2ND GRAB 

CHARGE LIMITS SAMPL8 CHARGE L I M I T S  SAMPLE 

14.08 15.83 - 12.33 12.65 15.82 17.57 - 14.07 13.86;: 

18.97 21.60 - 16.34 18.76 18.21 20.84 - 15.58 16.89 

34.18 38.14 - 30.22 96-21 32.67 36.63 - 28.71 35.86 

29.09 33.02 - 25.16 29.44 27.48 31.41 - 23.55 28.81 

3.68 7.85 - 0 2.94 5.82 9-99 - 1.65 4.58 

100.00 100.00 100.00 100.00 

10.58 11.84 - 9.32 11.14 10.74 12.00 - 9.48 9.97 

13.61 15.57 - 11.65 12.56 13.68 15.64 - 11.72 14.87 

31.92 35.55 - 28.29 29.68 30.42 34.05 - 26.79 30.26 

24.41 28.7L-1 - 20.08 24.29 24.46 28.79 - 20.13 24.35 

19.48 23.22 - 15.74 22.33 20.70 24.44 - 16-92 20.55 

100.00 100.00 100.00 100.00 

A v e r a g e  C e l l  
2.aK T%ick.ess mm .059 .0955 - .OB25 .O92 .OB5 .OW5 - .0785 .090 .. 
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TABLE I X  - VARIATION I N  MICROSTRUCTURE OF INDICATED COKE TYPES. 

CATEGORY 

CELL WALLS 

- 0.05 IIUO 

0.05 - 0.1 m 

0 .1  - 0.2 m 

0.2 - 0.5 m 

+ 0.5 mm 

Per Cent 

High- 
High V o l .  Med. V o l .  

13.25 16.09 

17.83 21.35 

36.04 38.71 

29.12 20.49 

3.76 3.36 

100.00 100.00 

Low- 
Med. V o l .  

18.84 

20.68 

34.33 

18.79 

7.36 

100.00 

Petroleum 
Low vo 1. Coke 

29.49 0.19 

23.20 0.12 

27.89 1.03 

13.67 6.52 

5.75 92.14 

100.00 100.00 

Average C e l l  
Wall Thickness nun 0.091 0.080 0.076 0.058 0.635 

PORES - 
- 0.1 m 10.55 17.23 15.62 23.62 1.98 

0.1 - 0.2 m 13.72 16.68 21.88 24.63 3.72 

0.2 - 0.5 29.97 37.66 40.09 37.20 15.03 

0.5 - 1.0 24.32 19.86 17.63 10.66 17.05 

+ 1.0 nun 21.44 8.57 4.78 3.89 62.22 

Per Cent 100.00 100.00 100.00 100.00 100.00 

Average Pore 
Diameter m 0.230 0.168 0.167 0.132 0.583 

Densi ty  0.439 0.569 0.589 0.534 1.59 
( V o l .  % C e l l  Walls) 

V o l .  % Pores 

Form 
Coke 

15.45 

25.38 

40.50 

16.45 

2.22 

100.00 

0.078 

23.76 

29.16 

34.91 

12.17 

- 
100.00 

0.127 

0.747 

c 

1 
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h 

FIGITRE 1 - SCHEMATIC OF 750 POUND W E N  SHWING APPROXMATE LOCATICN OF COW3 
FINGERS EXAMINED FRCM DWLICATE CHARGES. 
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FIGURE 2 - PHOTOGRAPH OF MICROSCOPE AND INTEGRATING STAGE 
EMPLOYED I N  MICROSTRUCTURE ANALYSES (1/4 X) .  
INTEGRATING STAGE ( IS) ,  SPECIMEN (S) , AND M I -  
CROSCOPE STAND (M). 

4 
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THE SINGLE GRAB S m E  TAKEN FROM T H I S  CHARCE. 
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